KEYWORDS Au NPs, luminescent hydrogel, aurophilic interactions, hydrophilic nanocomposite, surface plasmon resonance ABSTRACT. The accurate engineering of interfaces between plasmonic nanocrystals and semiconducting organic molecules is currently devised as a key for further developments in critical fields like photovoltaics and photocatalysis. In this work, a new and unconventional source of interface interaction based on metal-metal bonds is presented. With this aim, an Au(I)-organometallic gelator has been exploited for the formation of hydrogel-like nanocomposites containig noble metal nanoparticles and conjugated organic molecules. Noteworthy, the establishment of metallophilic interactions at the interface between the two moieties greatly 2 enhances the surface plasmon resonance coupling of nanoparticles in the composites. We believe that this new hybrid system might represent a promising alternative for the fabrication of improved plasmon-enhanced light harvesting devices.
INTRODUCTION
Photovoltaic devices and photocatalytic cells rely both on the possibility to harvest light and convert it into clean electrical or chemical energy. 1 In this regard, new composite photoactive materials are currently being designed to fulfill two different functions: first, performing as light antenna, so that the absorption cross-section can be enlarged and consequently more excitons (electron-hole pairs) easily generated; second, inducing an efficient charge carrier separation, so that electrons and holes can work independently in the composite material. 2 Plasmonic nanostructures have recently gained a lot of importance as both strong visible light absorbers and exciton dissociation enhancers in photovoltaic and photocatalytic devices. 3, 4 Indeed, in many proposed plasmon-enhanced light harvesting systems, the active material layer is formed by a blend of organic and inorganic domains, namely polymers or small conjugated organic molecules and noble metal nanoparticles (NPs) or metallic contacts, respectively. [5] [6] [7] [8] Thus, the study of interfaces between materials has become an issue of paramount importance in the field, and they must be accurately engineered in order to ease charge carrier percolation through the composite and consequently maximize energy conversion or photocatalytic activity. [9] [10] [11] An interesting approach to control the organization of organic material is the use of noncovalent, supramolecular interactions: it is well-known that semiconducting polymers and -conjugated organic molecules can self-assemble forming functional gel-like structures based on - stacking that lead to superior electronic properties. 12, 13 Inorganic NPs might then be 3 embedded in these supramolecular systems. 14 When polymeric or small organic molecule gelators are used for this purpose, the organic-inorganic interface is usually based on covalent bonds, 15, 16 electrostatic interactions, 17 and/or hydrogen bonding. 18 The use of metallogelators instead of only-organic gelators for the formation of either hydrogels or organogels has recently become the subject of study. 19, 20 Metallogelators are defined as low molecular weight gelators formed by the coordination of organic ligands to metallic ions. As in the case of -conjugated organic gelators, metallogelators spontaneously self-assemble through a combination of noncovalent interactions resulting in the formation of filaments or aggregated structures. Noteworthy, the presence of a metal ion offers a new and unconventional driving force for the formation of the supramolecular structure, which lies in the possibility to establish, in some cases, metallophilic intermolecular interactions of strength comparable to the hydrogen bond. 21 While metal-metal bonds are widely observed in solid state molecule-based crystalline systems, such source of interaction has only recently been observed in solution [22] [23] [24] [25] and, to the best of our knowledge, it has never been explored as a way of anchoring functional molecules to nanostructured materials in order to enhance synergetic phenomena.
We present here a new hydrosoluble nanocomposite (NCP) originated from the spontaneous supramolecular assembly of noble metal NPs and a highly fluorescent low molecular weight Au(I)-metallogelator. 26 These novel hybrids are characterized by intimate organometallic-inorganic interfaces that induce a strong electronic coupling between the two components, becoming in this way potential candidates for future optoelectronic devices or photocatalytic systems. Figure   1d . The measurements revealed that the aggregates were stable in solution for long periods of time, i.e. up to 6 months at least, at room temperature as well as at 50 °C, and at any value of pH within the range between 4 and 9 ( Figures S2 and S3 ). corresponding to the free complex 1 with additional atoms of Au, the latter being most probably knocked out from the metallic surface during the ionization process (see Figure S4 ). X-ray Photoelectron Spectroscopy (XPS) was also used for the chemical characterization of the NCP.
XPS spectrum shown in Figure 2b UV-Vis spectra of the hybrid system at different pH media present two signals as shown in Figure 3 . On the one side, there is a vibronically resolved band at 260 nm attributed to complex 1 metallogelator chomophore, which in its free form present three characteristic peaks around this wavelength. 26 On the other side, the signal at 500-600 nm is assigned to the characteristic surface plasmon resonance (SPR) band of gold NPs. For a better study of the NCP formation, two series of absorption spectra have been carried out fixing one of the components (complex 1 or Au-OLAm NPs) and adding small amounts of the other successively at pH 7. Both experiments (see Figure S6 ) show a gradual shift and widening of the SPR band. The red-shift and broadening of this band, compared to the band observed for the isolated oleylamine-capped Au NPs in toluene, denote an agglomeration of the NPs. 28 The collected data so far suggest that the aggregation is due to the trapping of the NPs inside the entangled complex 1-based structures. Our previous studies showed how aqueous solutions of free complex 1 spontaneously form hydrogel structures propagated through supramolecular interactions. 26 Similar hydrogel structures are likely formed also in the presence of Au NPs, wrapping the latter inside and guaranteeing their water solubility. As depicted in Figure 3 , the SPR band is more red-shifted and broader at neutral and slightly basic media (pH 7-8), evidencing a clear enhancement of interparticle interactions. Interestingly, in the UV-Vis spectra of water solutions of free complex 1 at pH 7-8 (see Figure S7) there is a notable intensification of the broad and weak band at 300 nm, assigned to the aurophilic interactions, 29 indicating a better capacity of complex 1 to create Au(I)-Au(I) bonds at this pH. Indeed, for the NCP sample, the ratio of absorption intensities at 300 nm and 260 nm (A300/A260) is maximum at pH 7-8, confirming the higher degree of aurophilic interactions under these specific conditions ( Figure S8 ). Accordingly, the affinity of the metallogelator for the surface of Au NPs is greatly enhanced at neutral pH. This is translated 10 into a reversible change of color of the solution from violet at low (< 7) and high (> 8) pH, to blue at neutral and slightly basic medium as shown in inset of Figure 3 and in Figure S9 . The enhancement of interparticle SPR coupling originating the red shift and broadening of the SPR band at pH 7-8 can be mainly associated to an increase of aurophilic interactions in the NCP, since no significant shrinkage or variation of size of the aggregates is observed by DLS measurements in samples at different pH ( Figure S3) . 17, 30 Although these results confirm the key role of metallophilic bonds in the system, the interaction of the surface atoms of Au NPs with complex 1 through the pyridinic nitrogen atom of the latter should not be neglected: the successful transfer of metallic nanostructures from organic solvents to water solutions by means of only-organic pyridine derivatives has been previously reported by other authors.
31,32 play an important role in this system as well as they do in many supramolecular assemblies of organometallic molecules. 36 On the contrary, no hydrophilic materials were obtained when replacing Au NPs by CdSe or Fe3O4 nanocrystals. This behavior is believed to be due to the absolute lack of affinity between the surface of these inorganic NPs and complex 1, most probably related to their inability to form metallophilic interactions. However, a fine atomic Au coating of the surface of Fe3O4 nanocrystals was sufficient so as to improve their affinity for complex 1 and obtain stable aqueous solutions of Fe3O4@Au-complex 1 NCPs (see Figure S16 ). The authors declare no competing financial interests.
